Graphene is, in principle, a promising material for consideration as component (support, active site) of electrocatalytic materials, particularly with respect to reduction of oxygen, an electrode reaction of importance to low-temperature fuel cell technology. Different concepts of utilization, including nanostructuring, doping, admixing, preconditioning, modification or functionalization of various graphene-based systems for catalytic electroreduction of oxygen are elucidated, as well as important strategies to enhance the systems' overall activity and stability are discussed. 
Introduction
There has been continuous interest in development of electrocatalytic systems for oxygen reduction reaction (ORR), particularly with respect to potential applications in lowtemperature fuel cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In addition to such important issues as improvement of stability and activity, a recent trend to replace highly expensive platinum-rich materials with alternative electrocatalysts should be noted. In this respect, special attention has been devoted to noble-metal-free carbon-based (e.g. heteroatom-doped, iron or cobalt modified, totallymetal-free functionalized or derivatized) nanomaterials including graphene-type systems [11] [12] [13] [14] [15] [16] [17] . Despite intensive research in the area, there are many fundamental problems to be resolved, and, therefore, the practical ORR catalysts are still based on platinum. In this respect, there is a need of better utilization of catalytic sites and significant lowering of the noble metal loadings.
The optimum electrocatalytic materials should be characterized by large electrochemically active surface areas and contain active sites dispersed on suitable supports. While exhibiting long-term stability, a useful support should prevent agglomeration of catalytic centers, exhibit activating interactions with them, facilitate oxygen mass transfer and water removal, and assure good electrical conductivity to active sites at the electrocatalytic interface. Because of unique thermal, mechanical and electrical properties coupled with the high specific surface area, various graphene-based electrocatalysts have been recently proposed and characterized [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this respect, many observations require summarizing and clarification.
Heteroatom-doped graphene based electrocatalysts
It has been established that doping of the originally inert graphene may lead to formation of catalytically active sites by replacement of the lattice carbons with heteroatoms [20, 21] . Because N-doped graphene catalysts feature graphitic, pyridinic or pyrrolic nitrogens differing in chemical identities of the heteroatom and the local charge densities and the spin density redistribution on the adjacent carbon atoms, there should differences in the oxygen adsorption, activation and its reductive activity. In general, fairly high level of activity toward ORR has been demonstrated for the Ndoped graphene catalysts in alkaline media, contrary to the relatively poorer performance in acidic environment. Further enhancement of activity of the N-doped systems can be achieved through coordination of such transition metals as Fe or Co to the N-sites [22] . The resulting electrocatalysts have occurred to be active for ORR in primarily alkaline but also acid media.
Not only transition metals but also their oxides can be considered for ORR together with graphene. Among important issues are their mixed valence character, presence of donoracceptor chemisorptions sites, and the ability to adsorb reversibly oxygen. Care must be exercised to minimize ohmic drops at the electrocatalytic interface. A hybrid system composed of Co 3 O 4 nanoparticles deposited onto graphene substrate has been demonstrated to exhibit a synergistic effect (relative to bare graphene and Co 3 O 4 itself) and act as effective electrocatalyst for ORR [23] . Presumably due to specific metal-nitrogen interactions, application of N-doped graphene provides a better distribution of the metal oxide nanoparticles [24] .
Graphene-based carriers for noble metal nanoparticles
The undoped-graphene-based catalytic systems, namely without any heteroatom in its structure, were also reported [25, 26] . A representative example concerned the well-behaved (fairly high current densities, low over-potentials) system composed of graphene quantum dots supported onto graphene nanoribbons at which the four-electron ORR was operative in alkaline medium [25] . The edge-rich dopant-free graphene-based system showed high ORR activity as well [26] . The actual activity of bare graphene type systems is a question of dispute. Certainly, the surface physicochemical identity (e.g. degree of oxidation and distortion) and possible contaminations (e.g. with Mn), in addition to practical durability, could be issues as well. Intentional decoration with noble metal (mostly Pt) nanoparticles at as low as possible loadings seems to be a reasonable solution.
Despite serious limitations (high cost, possibility of corrosion and deactivation), platinum based systems are so far the most established and the best known electrocatalysts for ORR [1] [2] [3] [4] . But the effectiveness and long-term performance of platinum sites would be largely dependent on a choice of support. Various carbons are considered as substrates but, in addition to their stability and durability of the Pt adherence, certain strategies to reduce loadings of noble metal at the interface have been proposed. They include improvement of the dispersion by reducing the metal particle size and proper supporting with strong attraction to the substrate. An ideal support would provide high conductivity and large surface area, in addition to stabilization and potential activation or synergistic effects. Furthermore, the sufficiently porous and rigid supports would permit utilization of alloyed nanoparticles.
Finally, the specific noble metal -carbon lattice interactions have been postulated. But their nature and consequences require experimental verification.
Graphene-type supports are certainly capable of anchoring noble metal nanoparticles [11, 13, 15] groups. While high porosity of the oxidized form (graphene oxide) should be appreciated when it comes to its potential application as support for catalytic nanoparticles, the oxidized system's overall stability (resistance to oxidative corrosion) and conductivity are decreased. A reduction step, that is typically performed chemically and is irreversible, produces so called reduced graphene oxide (RGO). In comparison to the oxidized form, the latter system is more hydrophobic but it still contains hydrophilic domains [27] . Among important diagnostic experiments, spectroscopic monitoring of surface oxygen-containing functional groups, such as -C-OH, -COOH, -C=O and -C-O-C-(using FTIR), and of relative intensities of G and D bands at about 1600 and 1350 cm -1 (using Raman) should be mentioned. Typically RGO surfaces are characterized by the low degree of organization of graphitic structure and by the presence of defects. When these interfacial features are combined with some hydrophilicity, the increased adsorptive capabilities and enhanced catalytic activity of RGO can be envisioned. It is also noteworthy that RGO is likely to act as robust and conductive catalytic material or carrier [27, 28] . Thus RGO seems to be the optimum form of graphene for electrocatalytic applications, including oxygen reduction.
A classical procedure for deposition of Pt nanoparticles onto graphene sheets involved reduction (using NaBH 4 ) of H 2 PtCl 6 in the suspension of graphene oxide (GO) [28] . The resulting partially reduced GO-Pt catalyst was subjected to further reduction with hydrazine at elevated temperature (300 0 C). The observed enhancement of the electrochemically active surface area was correlated with a spatial morphology of the catalytic film in which Pt nanoparticles (anchored to single graphene sheets) induced separation between graphene flakes. Under such conditions, transport of reactants (oxygen, water) was feasible. When the catalyst was tested as cathode material in low-temperature polymer membrane fuel cell, a maximum power of 161 mW cm -2 was achieved (relative to 96 mW cm -2 obtained with use of an unsupported Pt nanoparticles).
Graphene support could facilitate electron transport through the system's basal planes to edges. Faster electron transfers at edges resulted in lower contact resistances when particles are deposited therein. Indeed, the ball-milled graphene supports exhibited higher activity than those based on graphene flakes during ORR [29] . Obviously the ball-milling procedure tended to produce the defect-rich oxidized surface-functionalities. Their presence was of particular importance during experiments in alkaline medium. A synthetic CVD methodology was explored for fabrication of electrodes of controlled morphology [30] . Such systems permitted controlled arrangement of deposited metal nanoparticles.
Importance of metal-support interactions
A unique structure composed of web-like horizontally-aligned carbon nanotubes and graphene was synthesized in fluidized-bed microreactor [31] . Here carbon nanotubes were attached mainly to the edges of graphene thus making the hybrid structure not only highly porous (with specific surface area on the level of 863 m 2 g -1 ) but also capable of preventing graphene stacking and creating numerous sites for the deposition of Pt nanocrystals. It is noteworthy that the system exhibited fairly high activity at low Pt loadings thus promising with respect to reducing the cost of fuel cell electrocatalyst.
An ideal support (including graphene-type carriers) would interact beneficially with the metal centers or even with reactants including the reaction intermediates. This issue should be taken into account together with proper morphology, functionalization or related reactivity, stability toward chemical and electrochemical attack, and structure of the interface.
To get insight into nature of the enhancement effect observed at the above-mentioned web- The other electrocatalytic system utilized RGO onto which gold nanoparticles were introduced [11] . [37] .
High activity of RGO-supported Au alloyed with Pd has also been demonstrated for ORR in alkaline medium [38] . It has been apparent from the XPS data (C1s spectrum) that, following solvothermal formation of monodispersed bimetallic AuPd nanoparticles within RGO, the C-C bonds, rather than the C-O bonds (oxygenous groups), are becoming predominant on the graphene surfaces. Furthermore, the Au4f XPS signals of the RGO- 
Hybrid systems
Surprisingly high catalytic activity toward ORR (in alkaline medium) is exhibited by the hybrid system formed by Co 3 O 4 nanocrystals grown on the mildly-reduced RGO [40] . It is sheets with uniformly deposited Co nanoparticles [42] . Upon subjecting to pyrolysis at 600 °C, the resulting catalyst has exhibited electrocatalytic behavior comparable to that known for the commercial Pt/C catalyst in alkaline electrolyte. Another powerful ORR catalyst composed of N-doped graphene and Co nanoparticles encased in N-doped graphitic shells has been fabricated upon subjecting a mixture of sucrose, urea and cobalt nitrate to one-step pyrolysis [43] . Here the 4-electron ORR pathway has been dominating in alkaline media.
Using the XPS data, it can be stated that the graphitic lattice is not perfect and reveals the A unique electrocatalytic system has been based on nanoporous N-doped carbon/graphene nano-sandwiches [44] . Here the zeolitic-imidazolate-framework nanocrystalline layers of ca. 20 nm diameter have been initially grown on both sides of graphene oxide to obtain the sandwich-type structure. After carbonization, acid etching, and N-doping, catalytic surfaces of high specific surface area (1170 m 2 g -1 ) have been obtained.
Using such catalysts, the onset potential for ORR (in 0.1 mol dm -3 KOH) has been fairly positive (0.92 V vs. RHE); furthermore, fairly large limiting current densities (on the level of 5.2 mA cm -2 at 0.60 V) have been observed under rotating disk conditions (1600 rpm).
Further functionalized hybrid systems can exhibit even better performance. For example, nanonporous Co-N x /carbon nanosheets can be prepared using not only cobalt nitrate but also zinc nitrate as co-metal sources. The resulting catalytic system is characterized by highly positive onset potential for oxygen reduction (0.96 V) competitive to that characteristic of the commercial Pt/C studied under analogous conditions (0.94 V). It is noteworthy that the latter system exhibits reasonable ORR electrocatalytic activity in acidic medium (with the onset potential of 0.85 V; nevertheless, somewhat lower than that for commercial Pt/C, 0.93 V). Such features as stability and good methanol tolerance should also be mentioned here.
Multifunctional catalysts, capable of inducing such processes as oxygen evolution, oxygen reduction or hydrogen (in alkaline media), have been obtained by integrating certain metals (Ni or Co) with their oxides (NiO or CoO) and dispersing them onto nitrogen-doped RGO [45] . With respect to ORR, the cobalt-based system seems to exhibit the highest electrocatalytic activity, and its potential applicability in primary zinc-air batteries (comparable performance to the Pt/C or Pt/C+IrO 2 cathodes) has been demonstrated.
Graphene-supported iron nanostructures could also exhibit remarkable electrocatalytic activity toward ORR in alkaline medium. A representative example utilizes iron nanoparticles (5.0 wt% Fe) generated within nitrogen moieties following thermal decomposition (N content from 4.0% to 12.0%, depending on temperature) of graphitic carbon nitride immobilized on graphene sheets containing iron salts (e.g., FeCl 3 ) [46] . In addition to the performance of this nitride-graphene composite resembling electrocatalytic behavior of the commercially available Pt-based electrodes (30 wt % Pt on Vulcan XC72), the system's long-term stability and tolerance to methanol crossover effect should be mentioned. In another example of the efficient catalyst for oxygen electroreduction, both Fe and Co have been coordinated to Ndoped active edge-sites created by controlled oxidative etching of porous graphene. Here the coexistence of N-coordinated bimetallic (Co/Fe) centers with nitrogen sites locked at the pore openings tends to reduce substantially the overpotential for ORR in alkaline medium [46, 47] .
Because of very good stability, the catalytic system has been considered as cathode material in the anion exchange membrane fuel cell: here a power density of ca. 35 mW cm -2 has been achieved relative to 60 mW cm -2 displayed by the Pt-based system. Finally, the concept of dual-doping of there-dimensional (3-D) graphene with both nitrogen and sulfur to produce a substrate for catalytic CoFe 2 O 4 nanoparticles should be mentioned here [48] . 
Stabilization approaches
Practical ORR electrocatalysts are often exposed to potentials higher than 0.9 V vs.
RHE. During long-term operation under such conditions, oxidative corrosion of virtually all carbons, including graphene-type mterials, takes place. Degradation of carbon supports results typically in loss of catalytic centers or in their poisoning (e.g. in a case of Pt with -CO, -CHO or -COH adsorbates). In an attempt to produce a system of improved durability, graphene nanoplatelets, which were produced by exfoliating the intercalated graphite through modification with (poly(diallyldimethylammonium chloride), PDDA, were demonstrated to act as an alternative support material for Pt nanoparticles [50] . The stabilization effect reflected apparently the intrinsic high graphitization degree of graphene nanoplatelets and their enhanced interactions with Pt. In another example of the highly durable ORR catalyst, a hybrid composite material was prepared by careful mixing carbon black with RGO-supported Pt [51] . Here by inserting carbon black nanostructures between the platinized RGO, its durability was significantly improved. It was postulated that the two-dimensional RGO functioned as a "mesh" preventing leaching of dissolved Pt species into the electrolyte, whereas carbon black nanostructures could serve as active sites for recapture or renucleation of small Pt clusters. Similar stabilization effects were postulated for the platinized sandwich structure (support) in which VulcanXC-72 is placed in between graphene nanosheets [52] .
Stabilities of different supports (for Pt nanoparticles), such as carbon black, reduced graphene oxide, and multiwalled carbon nanotubes were compared under harsh electrochemical conditions (0.1 M HClO 4 ) [53] . It was found that while the latter substrate was the most stable, the first one tended to degrade the most readily. Thus RGO could be considered as the moderately stable substrate. Further research is needed along this line because stability reflects many experimental parameters including the material's porosity and the degree of formation of the hydrogen peroxide intermediate.
Conclusions and perspectives
Graphene-based materials can be considered as catalytic components but their Reduced graphene oxides with interfacial defects, moderate hydrophilicity, low degree of organization and porosity can be successfully used as supports capable of anchoring noble metal nanoparticles (e.g. Pt, Pd, Au, Ag, bimetallic alloys) for ORR in acid media. Among important issues are specific metal-support activating interactions. In this respect, further research aiming at derivatization of graphene surfaces, e.g. with hydroxyl-group-rich metal oxides such TiO 2 , ZrO 2 or SiO 2 , is expected.
More attention has to be paid to requirements coming from the ORR pathways, i. 
